Abstract: By harnessing notions from supersymmetry, we experimentally demonstrate a supersymmetric laser array that is capable of emitting exclusively in its fundamental transverse mode with a large radiance. OCIS codes: (140.3290) Laser arrays (140.5960) Semiconductor lasers First emerged within the context of particle physics, supersymmetry (SUSY) was developed as a theoretical extension of the standard model in order to resolve some of the yet answered questions in high energy physics. SUSY makes an ambitious attempt to provide a unified description of fundamental interactions [1] . In this regard, SUSY relates bosonic and fermionic degrees of freedom in a cohesive fashion. This directly implies that each type of boson has a supersymmetric counterpart, a superpartner fermion, and vice versa. Even though SUSY's validity is still being debated, supersymmetric techniques have already found their way into other fields such as low energy physics and quantum mechanics [2] . Shortly after the invention of semiconductor lasers, the integration of such emitters in larger arrays was proposed as a means to enhance the radiance of a laser. While this technique may relax certain complications arising from nonlinearities and filamentation in broad area devices, such arrays tend to support multiple transverse modes (supermodes)-an attribute that is detrimental for the quality of the beam emitted. This has since fueled activities in search of strategies that enable the generation of high power and diffraction-limited coherent beams by enforcing the coupled laser array to operate in the fundamental (in-phase) mode. In this regard, several schemes have been developed, using for example resonant leaky-wave coupling in antiguided arrangements [3] . Of interest will be to devise fully integrated global approaches that apply to any type of active arrays in order to promote singlemode lasing in the fundamental transverse supermode. Here we report the realization of a supersymmetric laser array. This lattice emits in its fundamental mode in a stable fashion, as evidenced from far-field and spectral measurements. In this SUSY arrangement, the main array is paired with a lossy superpartner, whose role is to suppress all undesired higher-order modes while at the same time enhancing the gain seen by the fundamental supermode of the primary lattice. In implementing such lasers, we made use of the SUSY formalism first proposed by Witten [4].
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In Fig. 1a , the primary array in this supersymmetric laser arrangement is synthesized by coupling five identical ridgewaveguide cavities of length . The individual waveguide elements are designed to support only the lowest-order transverse mode 0 . Consequently, each element on its own, is expected to support resonances at angular frequencies = /( ), where represents the effective index associated with the 0 mode, is the speed of light in vacuum, and is an integer representing the longitudinal mode index. The evanescent coupling between the five waveguides, causes every such resonant frequency, , to split into a cluster of five frequencies, corresponding to the five supermodes of the active array. Unbroken optical supersymmetric strategies are then employed to build a superpartner index profile that has propagation eigenvalues that match those of the four higher-order supermodes associated with the main (primary) array [5] . The SUSY laser arrays were realized on an InP wafer with InGaAsP quantum wells as the gain material. In doing so, we used electron beam lithography and plasma etching techniques to Fig.1. a. A schematic representation of a SUSY laser array involving a primary active lattice (red) coupled to its lossy superpartner (blue). b. Scanning electron microscopic image of a fabricated SUSY lattice comprised of a five-element primary array, positioned in close proximity to a four-element superpartner. The inset shows a stand-alone five-element laser array. define the structures (Fig. 1b) . The performance of the SUSY laser was then assessed by means of a custom-made optical setup. The arrays are optically pumped at a wavelength of 1064 nm, emitted from a fiber laser. The coherent radiation emerging from the cleaved facets of the lasers is monitored by both a spectrometer and an infrared camera, after blocking remnants of the pump emission by means of a notch filter. The diffraction angles associated with the far-field emissions along the laser's slow axis, were determined by raster scanning a rectangular aperture placed in front of the array.
The spectral response and far-field emissions of three different configurations are compared in Fig. 2: (1) singleelement ridge waveguide lasing element, (2) a five-element standard laser array, and (3) the SUSY laser arrangement. The lasers are uniformly pumped at an average power density level that is approximately 4 times the threshold of the SUSY laser. Loss is introduced in the superpartner array by blocking the pump beam using a knife-edge. Under these pumping conditions, the single element cavity lases in a few longitudinal modes, at wavelengths around 1443 nm (Fig.  2a) . When the five-element standard laser array is exposed to the same pump power density, each longitudinal mode was found to split into five lines corresponding to the resonances of the five supermodes involved (Fig. 2b) . In contrast, when the SUSY laser array is illuminated at the same pump intensity level (while the superpartner is blocked), the device emits in a single transverse supermode (Fig. 2c) . Moreover, the peak intensity produced by this SUSY laser is now a factor of 4.2 times higher than that from the standard laser array, and 8.5 times larger than that from the single element laser. These results clearly indicate that in a SUSY laser arrangement, all higher-order transverse modes are indeed suppressed in favor of the fundamental mode. To further verify the anticipated SUSY response, the far-field radiation from these three laser systems was collected along with the diffraction profiles in the direction of the slow axis. A comparison between these three radiation patterns reveals a striking difference in the way a SUSY laser operates. As opposed to the standard laser array, whose far-field exhibits a multi-lobe profile with a diffraction angle of ~19° (Fig. 2e) , the far-field of the SUSY array displays a single bright spot having instead a much smaller divergence angle of ~5.8° (Fig. 3f) . This low divergence behavior is a characteristic attribute of a laser array operating only in its in-phase lowest-order mode. Even more importantly, the beam spot size associated with the SUSY laser is narrower than that of a single laser element (~12°) as shown in Figs. 3d and 3f.
In summary, by harnessing notions from supersymmetry, we provided the first realization of an integrated supersymmetric laser array. Our results indicate that by providing an unbroken SUSY phase in conjunction with a judicious pumping of the laser array, one can promote the in-phase supermode, thus resulting to a high radiance emission.
